The effect of Fe doping on SrTiO 3 single crystals was investigated in terms of crystal and electronic structure over a wide temperature range in both oxidizing and reducing conditions. The electrical properties were thoroughly studied with a special focus on the resistive switching phenomenon. Contrary to the undoped SrTiO 3 crystals, where isolated filaments are responsible for resistive switching, the iron-doped crystals showed stripe-like conducting regions at the nanoscale. The results showed a non-uniform Fe distribution of as-received crystals and the formation of new phases in the surface layer of reduced/oxidized samples. The oxidation procedure led to a separation of Ti(Fe) and Sr, while the reduction resulted in the tendency of Fe to agglomerate and migrate away from the surface as seen from the time of flight mass spectroscopy measurements. Moreover, a clear presence of Fe-rich nano-filament in the reduced sample was found.
Introduction
The resistive switching (RS) phenomenon attracts growing interest, and is approaching the level of applied device implementation [1] [2] [3] [4] . Attention towards the RS phenomena results from physical mechanisms that can be generally explained as a non-volatile change of the material resistivity under electrical stimuli. A wide variety of materials exhibit such behavior, thus efforts to reveal the nature of this mechanism and explore specific applications is widespread. Nevertheless since the change of resistance in such materials is non-volatile and reversible, they are treated as prospective candidates for the development of non-volatile memory devices, next-generation logic devices and neuromorphic systems [2] [3] [4] [5] . Among various materials remarkable advancements have been observed in the field of transition metal oxides [6] [7] [8] . SrTiO 3 (STO) [9] , between other ternary (or binary like TiO 2 [10] ) transition metal oxides, may be especially suited for memory applications [11] . In addition, the STO is also considered a model material [12] due to its relatively simple structure and a multitude of experimental data [13] . In addition, the effects of various doping such as Nb, La, Cr or Fe are being actively investigated [14] [15] [16] [17] . However, no complex report of the influence of the external stimuli (thermal treatment under oxidizing and reducing conditions) on doped STO was made. We believe that only the complex studies will allow shedding of some light onto the basics of the RS phenomena in macro-and nano-scales, and will allow disclosure of how it is related to previous work on the undoped STO [5, 18, 19] . We have decided to focus on the Fe-doped STO crystals since the Fe oxidation states are relatively easy to determine by many techniques or even by optical examination (crystals with 4+ Fe are very dark, crystals with Fe at lower oxidation states such as 3+ and 2+ are yellow) [20] . Thus, we have investigated STO single crystals with two nominal concentrations of iron (0.13 and 0.45 at%). Naturally, for the application purposes, thin films of STO (especially doped) would be more beneficial [21] , however, single crystals offer the greatest advantage for the interpretation of the origin of such a complicated phenomenon as RS, especially with respect to the insulator-to-metal transition. What is more, STO epitaxial growth requires La-or Nb-doped STO substrates acting as a bottom electrode, which complicates the system as the substrates can also exhibit complex phenomena, such as RS behavior [15, 22] .
In this work, we have implemented a number of interdisciplinary techniques for determination of the physicochemistry of the surface layer and electrical behavior at the nanoscale. We have focused on the phase and chemistry of investigated crystals by X-ray Diffraction (XRD), X-ray Fluorescence Spectroscopy (XRF) and Time of Flight Secondary Ion Mass Spectroscopy (TOF-SIMS). In addition, we have investigated the electronic structure and electric transport properties by X-ray Photoelectron Spectroscopy (XPS) and Local Conductivity Atomic Force Microscopy (LC-AFM).
Materials and Methods
The single crystals of Verneuil grown STO with several nominal concentrations of iron and defined orientation were obtained from various manufacturers (primarily from CrysTec). We focused mainly on the samples doped with 0.13 and 0.45 at% of iron. The investigated samples were annealed in the range of 30 • C to 1100 • C under reducing and oxidizing conditions according to the description in the experiments. It is worth mentioning that the thermal history had significant influence on the crystal properties, thus if not stated otherwise, the thermal treatment was done on fresh batch of crystals for each experiment. For the as-received samples no special treatment was implemented.
The crystal structure was investigated using XRD Empyrean provided by Panalytical in a standard θ − 2θ geometry. Cell parameters were determined by the Rietveld method. The electronic structure was investigated by XPS using two spectrometers: PHI 5600 and 5700 provided by Physical Electronics. Both spectrometer implemented monochromatized Al Kα radiation. The chemistry of the surface layer was investigated by the TOF-SIMS using a SIMS-5 spectrometer provided by ION-TOF. Bi + ion beam was used for the analysis, while Cs + was applied for depth profiling. The elemental composition of the samples was obtained by the XRF ZSX Primus II provided by Rigaku using the fundamental parameter method. For the surface topography and local conductivity two types of AFM were used, namely JSPM-5200 provided by JEOL and VT AFM XA 50/500 provided by Omicron, both equipped with tips from different manufacturers (Nanosensors, Budget Sensors). In the case of LC-AFM mode, a voltage up to 10 V was applied, although such high voltages are known to modify the surface layer of the material, thus was rarely used. The voltage was typically applied to the conducting AFM tip, whereas the sample holder acted as the second electrode. Finally, the macroscopic electrical measurements were performed by the standard two-point method on a home-built system.
Results and Discussion

As Received Samples
The as-received samples investigated by the XRD in standard geometry showed simple cubic Pm3m phase, with a lattice parameter of 0.3904(5) Å at room temperature, which is characteristic for STO structure. No additional component beside the STO structure was found. This result is very similar to undoped STO cell length [23] and no dependency on Fe concentration was found. The impurity analysis showed traces of Ni and Cu (several dozens of ppm). Nevertheless, simple optical investigation shows different sample coloration depending on the Fe content: samples with 0.13 at% Fe were yellow while the 0.45 at% Fe samples exhibited a dark brown color. Closer optical examination revealed also slight color changes which may suggest non-uniform dopant distribution. It is also possible that the different valence state of iron ions affects the crystal color, as it was shown that the darker color corresponds to higher oxidation state [24, 25] . Moreover, the color of the crystals strongly depends on its thermal or electrical history, for example in a form of electro-coloration, which is discussed in a separate paper [26] . A most prominent example of the inhomogeneous sample color can be found in Figure 1a for the 0.13 Crystals 2020, 10, 33 3 of 12 at% Fe doped STO crystal. The same region was measured by the XRF technique in the mapping mode and the results are shown in Figure 1b . We have found a large variation of Fe content, from nominal 0.13-0.8 at%, at relatively short distances (tens of microns), which correlates with the optical image. In addition, the XPS analysis was carried out on all samples. We focused on the Fe 2p line, however very small concentration of Fe gave poor results. Therefore, the XPS analysis was performed on the sample with the higher Fe content of 0.45% at. The results show Fe/Ti ratio to be close to 0.3 at% (after initial short 300 • C annealing under ultra-high vacuum conditions, UHV) and ratio of 0.4 at% which is very close to the nominal value (after UHV cleaving). Further analysis of the Fe 2p level photoemission line is presented in Figure 2 .
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We also measure the electrical properties of the samples both macroscopically and in nanoscale. Figure 3a shows a typical pseudo-3D current map for the 0.13 at% Fe-doped sample obtained by LC-AFM technique [35] . The brighter spots correlate to nanometer-sized regions with low resistance. It was previously shown in [4] that those regions are related to extended defects, which can act as easy diffusion paths for the oxygen vacancies. The vacancies contribute to the electronic conductivity resulting in large charge transfers (large current). On the other hand, the macroscopic investigation of the as-received samples shows semiconducting behavior shown in Figure 3b as an Arrhenius plot. The resulting activation energy of 0.91 eV is close to the 1.0 eV reported in the literature for STO crystal without doping [4] .
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Annealing under Reducing Conditions
The annealing under reducing conditions was achieved under UHV at several temperatures: 125, 250, 500, 750 and 1000 °C . After each heating step was achieved, the sample was cooled to room temperature and measured by the AFM. The evolution of the crystal surface is presented in Figure 4 for the 0.13 at% Fe-doped sample. For low annealing temperatures, similarly to the as-received sample, the surface is atomically flat with steps equal to the STO cell length. The annealing is not affecting the morphology in a significant way up to around 750 °C . Nevertheless, signs of undergoing transformation and the removal of the physi-and chemi-sorbates is visible as a change in the atomic terrace lines. One can notice that the terraces becomes furrowed with increasing annealing temperature. From the effusion experiments (not shown) we know, that at lower temperature mostly water is removed, while above 500 °C mostly carbohydrates are removed. At temperatures above 750 °C the steps become very smooth preserving the step height of 3.9 Å . Those relatively small topographic changes are accompanied by an interesting change in the electrical behavior. The samples annealed at 1000 °C change their character from insulating to conducting as shown in Figure  5a . One can observe emergence of conducting patterns along (100) crystallographic direction with 
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Crystals 2020, 10, 33 7 of 12 more). Furthermore, the data gathered during the depth profiling allowed generation of a 2D map of the Fe distribution towards the bulk shown in Figure 10b . Crystals 2020, 10, 33 7 of 12 more). Furthermore, the data gathered during the depth profiling allowed generation of a 2D map of the Fe distribution towards the bulk shown in Figure 10b . Crystals 2020, 10, 33 7 of 12 more). Furthermore, the data gathered during the depth profiling allowed generation of a 2D map of the Fe distribution towards the bulk shown in Figure 10b . Indeed, we have measured non-uniform distribution of iron and noticed a number of iron-rich filaments leading from the surface into the bulk. Those filaments were found to be oriented along the [001] direction of the crystal. This is consistent with the fast diffusion paths formed of extended defects found in undoped STO crystals [9, 37] . Following the chemical changes, we have decided to investigate the effect of the extended reduction on the topography and local electrical properties of the crystal surface. Using the LC-AFM technique we have found most prominent changes in the 0.45 at% Fe-doped STO samples. Naturally, the extended reduction had significant influence on the surface morphology; we have found that the flat and ordered surface with well visible terraces has disappeared, replaced by the elongated shapes as seen in topography image in Figure 11a . The image shows also the current map measured under relatively low voltage (0.5 V) with features quite similar to 0.13 at% Fe-doped STO sample shown in Figure 5a . Nevertheless, due to long annealing times and composition changes, the observed features are not completely linear, as some distribution of angles is present. In addition, there is a correlation of the local current with the topography, where the well-conducting regions are only found on top of topographical islands. In fact, closer examination of the conducting regions showed that each 'line' is formed of a number of conducting spots ranging from several to tens of nanometers in diameter. Further examination showed that the material between the lines (dark colored regions) is insulating, while the white lines are semiconducting. We have performed current-voltage sweeps (I-V) on those regions, and a typical result is presented in Figure 11b . The I-V curves correspond to different regions, however the y-axis showing flowing current is set to the same values. One can notice that colored lines exhibit semiconductor behavior with the addition of the RS phenomena. The dark regions do not conduct current (current below the detection limit of 700 fA) even with relatively high voltage. They do not exhibit RS behavior either.
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Indeed, we have measured non-uniform distribution of iron and noticed a number of iron-rich filaments leading from the surface into the bulk. Those filaments were found to be oriented along the [001] direction of the crystal. This is consistent with the fast diffusion paths formed of extended defects found in undoped STO crystals [9, 37] . Following the chemical changes, we have decided to investigate the effect of the extended reduction on the topography and local electrical properties of the crystal surface. Using the LC-AFM technique we have found most prominent changes in the 0.45 at% Fe-doped STO samples. Naturally, the extended reduction had significant influence on the surface morphology; we have found that the flat and ordered surface with well visible terraces has disappeared, replaced by the elongated shapes as seen in topography image in Figure 11a . The image shows also the current map measured under relatively low voltage (0.5 V) with features quite similar to 0.13 at% Fe-doped STO sample shown in Figure 5a . Nevertheless, due to long annealing times and composition changes, the observed features are not completely linear, as some distribution of angles is present. In addition, there is a correlation of the local current with the topography, where the wellconducting regions are only found on top of topographical islands. In fact, closer examination of the conducting regions showed that each 'line' is formed of a number of conducting spots ranging from several to tens of nanometers in diameter. Further examination showed that the material between the lines (dark colored regions) is insulating, while the white lines are semiconducting. We have performed current-voltage sweeps (I-V) on those regions, and a typical result is presented in Figure  11b . The I-V curves correspond to different regions, however the y-axis showing flowing current is set to the same values. One can notice that colored lines exhibit semiconductor behavior with the addition of the RS phenomena. The dark regions do not conduct current (current below the detection limit of 700 fA) even with relatively high voltage. They do not exhibit RS behavior either. To conclude this section, we have found that the thermal reduction on the Fe-doped STO crystals leads to strong Fe segregation at the temperatures above 700 °C, which results in strong chemical modification of the surface and near-surface region. As one could expect, the modification is more profound the higher the annealing temperature and the longer the reduction time. Additionally, the results of strong topographical and electrical modification were found.
Annealing under Oxidizing Conditions
The annealing under oxidizing conditions was achieved at a temperature of 1100 °C and 200 mbar O2 pressure. The results show a strong change in the surface morphology and local current measured by the LC-AFM. The analysis showed formation of a new phase as shown in the typical To conclude this section, we have found that the thermal reduction on the Fe-doped STO crystals leads to strong Fe segregation at the temperatures above 700 • C, which results in strong chemical modification of the surface and near-surface region. As one could expect, the modification is more profound the higher the annealing temperature and the longer the reduction time. Additionally, the results of strong topographical and electrical modification were found.
The annealing under oxidizing conditions was achieved at a temperature of 1100 • C and 200 mbar O 2 pressure. The results show a strong change in the surface morphology and local current measured Crystals 2020, 10, 33 9 of 12 by the LC-AFM. The analysis showed formation of a new phase as shown in the typical topography shown on an example of 0.45 at% Fe-doped crystal shown in Figure 12a . At the same time, the local current maps did not provide any information as the investigated surface become insulating. Even the highest available voltage produced currents lower than 700 fA, which was the lower limit of the current detection in our LC-AFM setup. This information is consistent with the behavior of STO crystals since oxidation removes oxygen vacancies which are responsible for the current conduction in STO. Previously mentioned new phase is formed of relatively large crystallites shown in Figure 12c . Such crystals were already investigated in the STO crystals and are believed to be composed of the SrO phase [38] . Besides the large visible crystals', remaining surface is composed of relatively flat crystal-like surface, with roughens (RMS) close to 4 nm as shown in Figure 12b . This is also consistent with the depth profiles performed by the TOF-SIMS, where increase of the Sr concentration close to the crystal surface is evident as shown in Figure 13a . There is also a sharp increase in the Fe content in the surface region with respect to Ti. In addition, the surface composition was investigated in a form of 2D maps. The results are shown in Figure 13b , where one can notice strong element segregation or even decomposition of the surface in-plane. The Sr and Ti are separated into different regions. The Fe dopant is strongly correlated with Ti regions, as typically it substitutes the Ti in the STO matrix. This correlation is easily visible in multicolored map (overlay of Sr, Ti and Fe) in the right-bottom corner in Figure 13b as purple regions (red-Ti and blue-Fe). Overall, the decomposition of the STO structure into Sr and Ti in a small scale was already observed in other perovskite systems, such as Ba x Sr 1−x TiO 3 [39, 40] . In the last step, a series of XPS spectra after a long reduction and 15 minutes oxidation in air were obtained. This led to the recovery of the 4+ Ti states, and no signs of 3+ or 2+ state were found. Nevertheless, after such cycle no Fe was detected on the surface, thus after migration of the Fe into the bulk, the oxidation process did not reverse this effect as shown in Figure 9b .
Crystals 2020, 10, 33 9 of 12 topography shown on an example of 0.45 at% Fe-doped crystal shown in Figure 12a . At the same time, the local current maps did not provide any information as the investigated surface become insulating. Even the highest available voltage produced currents lower than 700 fA, which was the lower limit of the current detection in our LC-AFM setup. This information is consistent with the behavior of STO crystals since oxidation removes oxygen vacancies which are responsible for the current conduction in STO. Previously mentioned new phase is formed of relatively large crystallites shown in Figure 12c . Such crystals were already investigated in the STO crystals and are believed to be composed of the SrO phase [38] . Besides the large visible crystals', remaining surface is composed of relatively flat crystal-like surface, with roughens (RMS) close to 4 nm as shown in Figure 12b . This is also consistent with the depth profiles performed by the TOF-SIMS, where increase of the Sr concentration close to the crystal surface is evident as shown in Figure 13a . There is also a sharp increase in the Fe content in the surface region with respect to Ti. In addition, the surface composition was investigated in a form of 2D maps. The results are shown in Figure 13b , where one can notice strong element segregation or even decomposition of the surface in-plane. The Sr and Ti are separated into different regions. The Fe dopant is strongly correlated with Ti regions, as typically it substitutes the Ti in the STO matrix. This correlation is easily visible in multicolored map (overlay of Sr, Ti and Fe) in the right-bottom corner in Figure 13b as purple regions (red-Ti and blue-Fe). Overall, the decomposition of the STO structure into Sr and Ti in a small scale was already observed in other perovskite systems, such as BaxSr1−xTiO3 [39, 40] . In the last step, a series of XPS spectra after a long reduction and 15 minutes oxidation in air were obtained. This led to the recovery of the 4+ Ti states, and no signs of 3+ or 2+ state were found. Nevertheless, after such cycle no Fe was detected on the surface, thus after migration of the Fe into the bulk, the oxidation process did not reverse this effect as shown in Figure 9b . To conclude this section, we have found that the oxidation at high temperature on the Fe-doped STO crystals leads to strong Sr and Ti segregation both in-plane and out-of-plane. On one hand, there is depletion of Ti and enrichment of Sr on the surface along with SrO crystals formation, on the other hand, segregation of the Ti and Sr into separate regions. At the same time there is affinity of the Fe to segregate into Ti-rich regions.
Conclusions
The measurements performed on single crystals of STO doped with iron (with concentrations up to 0.45 at% Fe) showed inhomogeneous Fe distribution across all concentrations both in asreceived and in reduced/oxidized samples. The XRF studies have shown Fe-rich regions, which is most probably related to low solubility of the Fe in STO and high growth rates typical for the Verneuil method. The local conductivity measured by the LC-AFM was also inhomogeneous and an interesting pattern of well-conducting lines was found in reduced crystals. Since the conduction in STO is typically connected to extended defects [4] , we assume that the Fe doping is influencing the extended defects' filament formation. Such patterns can be interesting from the application point of view. Furthermore, we investigated the RS behavior and found out that only well-conducting regions exhibited switching. This could suggest that only the regions modified by the inhomogeneous distribution of Fe ions were rich in oxygen vacancy and thus allowed the RS phenomena to occur. The XPS data is in good agreement with our suggestions, showing that the iron ions are in the 2 + and 3 + oxidation state only (similar to our previous investigation performed on heavily doped STO epitaxial films [19] ). Thus, the oxidation state lower than theoretical 4 + suggests (or even 3 + ) that Fe ions are close to oxygen vacancies. Moreover, all investigated crystals were prone to strong chemical surface instabilities following heat treatment under reducing and oxidizing conditions. Reduction under vacuum at 1100 °C led to formation of new Ti oxide phases and migration of the Fe into the bulk. We have found that starting from 700 °C the Fe ions were highly mobile. Their high mobility can be attributed to the affinity of the Fe ions to the oxygen vacancies. In turn, those vacancies are known to agglomerate along the extended defects, which can act as an easy diffusion path in the STO system. We were able provide proof of that concept by showing a Fe-rich filament structure reaching from the surface into the bulk. On the other hand, the oxidation at 1100 °C led to formation of Sr-rich phases (such as SrO) and strong separation of Ti(Fe) and Sr in the surface region. To conclude this section, we have found that the oxidation at high temperature on the Fe-doped STO crystals leads to strong Sr and Ti segregation both in-plane and out-of-plane. On one hand, there is depletion of Ti and enrichment of Sr on the surface along with SrO crystals formation, on the other hand, segregation of the Ti and Sr into separate regions. At the same time there is affinity of the Fe to segregate into Ti-rich regions.
The measurements performed on single crystals of STO doped with iron (with concentrations up to 0.45 at% Fe) showed inhomogeneous Fe distribution across all concentrations both in as-received and in reduced/oxidized samples. The XRF studies have shown Fe-rich regions, which is most probably related to low solubility of the Fe in STO and high growth rates typical for the Verneuil method. The local conductivity measured by the LC-AFM was also inhomogeneous and an interesting pattern of well-conducting lines was found in reduced crystals. Since the conduction in STO is typically connected to extended defects [4] , we assume that the Fe doping is influencing the extended defects' filament formation. Such patterns can be interesting from the application point of view. Furthermore, we investigated the RS behavior and found out that only well-conducting regions exhibited switching. This could suggest that only the regions modified by the inhomogeneous distribution of Fe ions were rich in oxygen vacancy and thus allowed the RS phenomena to occur. The XPS data is in good agreement with our suggestions, showing that the iron ions are in the 2 + and 3 + oxidation state only (similar to our previous investigation performed on heavily doped STO epitaxial films [19] ). Thus, the oxidation state lower than theoretical 4 + suggests (or even 3 + ) that Fe ions are close to oxygen vacancies. Moreover, all investigated crystals were prone to strong chemical surface instabilities following heat treatment under reducing and oxidizing conditions. Reduction under vacuum at 1100 • C led to formation of new Ti oxide phases and migration of the Fe into the bulk. We have found that starting from 700 • C the Fe ions were highly mobile. Their high mobility can be attributed to the affinity of the Fe ions to the oxygen vacancies. In turn, those vacancies are known to agglomerate along the extended defects, which can act as an easy diffusion path in the STO system. We were able provide proof of that concept by showing a Fe-rich filament structure reaching from the surface into the bulk. On the other hand, the oxidation at 1100 • C led to formation of Sr-rich phases (such as SrO) and strong separation of Ti(Fe) and Sr in the surface region.
